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Abstract

The OH stretch mode from water and organic hydroxyl groups have strong infrared absorption, the
position of the band going to lower frequency with increased H-bonding. This band was used to study
water in trehalose and glycerol solutions and in genetically modified yeast cells containing varying
amounts of trehalose. Concentration-dependent changes in water structure induced by trehalose and
glycerol in solution were detected, consistent with an increase of lower-energy H-bonds and
interactions at the expense of higher-energy interactions. This result suggests that these molecules
disrupt the water H-bond network in such a way as to strengthen molecule-water interactions while
perturbing water-water interactions. The molecule-induced changes in the water H-bond network
seen in solution do not translate to observable differences in yeast cells that are trehalose-deficient
and trehalose-rich. Although comparison of yeast with low and high trehalose showed no observable
effect on intracellular water structure, the structure of water in cells is different from that in bulk
water. Cellular water exhibits a larger preference for lower-energy H-bonds or interactions over
higher-energy interactions relative to that shown in bulk water. This effect is likely the result of the
high concentration of biological molecules present in the cell. The ability of water to interact directly
with polar groups on biological molecules may cause the preference seen for lower-energy
interactions.
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1. Introduction

Small protective molecules, such as trehalose and glycerol, are widely found in a number of
organisms including bacteria, yeasts, plants and insects. These molecules, many of which
contain a large number of hydroxyl groups, have been correlated with protection of organisms
from dehydration, temperature or osmotic stress [1-4]. However, details behind how these
molecules accomplish their protective function within an organism remain under debate. In
solution, small hydroxylated compounds such as trehalose and glycerol are known to interact
with water molecules in the immediate hydration layer and distort the structure of the water
H-bond network [5-10]. However, the question remains: are these molecules also able to

* Corresponding author. Tel: 215 898-8783, e-mail address: vanderko@med.upenn.edu.

Present address: Recombinant Vaccine Technology and Engineering, Merck & Co., Inc., West Point, Pennsylvania 19486
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting
proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could
affect the content, and all legal disclaimers that apply to the journal pertain.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Dashnau et al.

Page 2

influence the structure of water in cells, and is the biological molecule-induced water
structuring responsible for protection against environmental extremes?

The yeast, Saccharomyces cerevisiae, serves as a good model organism for the study of
protective molecule effects in vivo. In yeast, environmental stress can activate three
transcriptional control elements—heat shock elements (HSES), stress-response elements
(STRES), and AP-1-responsive elements (APEs)—depending on the source of the stress [11].
These transcriptional elements trigger associated transcription factors—heat shock
transcription factor (HSFs), Msn2,4 transcription factor, and Gend/Yap transcription factors,
respectively—that are responsible for expression of a number of protective molecules and
proteins. While the functions of these stress-response pathways overlap, there is some
distinction in the types of stresses that normally activate each pathway. For instance, the HSFs
regulated by HSEs generally produce heat shock proteins (HSPs) and trehalose responsible for
protection against moderate high temperature-induced stresses. However, under cold
temperature-induced stress, the STRE/Msn-2,4 pathway may be responsible for production of
these same molecules [12,13]. Meanwhile, osmotic-stress generally triggers glycerol
production through the high-osmolarity mitogen-activated protein kinase (HOG MAPK) signal
transduction through the STRE/Msn-2,4 pathway [14]. Finally, oxidative stress and exposure
to heavy metals may induce protection through the APE/Gcn4/Y AP pathway [11].

Regardless of the method of transcriptional regulation, “heat shock response” activates
production of a class of molecular chaperones called heat shock proteins and the small
disaccharide trehalose, which have been implicated in protecting yeast cells under moderate
high- and low-temperature stress. Additionally, initial exposure to moderate temperature stress
can confer protection against more extreme temperatures, osmotic conditions, and dehydration
[15]. The synergistic role of heat shock proteins and trehalose in the protection of yeast has
been studied by Singer and Lindquist [16]. In the heat shock response, trehalose is responsible
for stabilizing proteins in native state conditions and reducing aggregation of partially unfolded
proteins when HSPs are unavailable. The HSPs are responsible for binding denatured proteins,
preventing aggregation, and promoting refolding. While the high levels of trehalose produced
upon heat shock are beneficial during the period of time in which HSPs are not in abundance,
these concentrations of trehalose can be detrimental to full HSP activity once HSP levels are
sufficiently up-regulated. Other works have come to similar conclusions that while trehalose
aids in the absence of HSPs, heat shock proteins are ultimately responsible and essential for
recovery from cellular stress. For instance, mutation of the gene responsible for trehalose
synthesis, trehalose-6-phosphate synthase (tpsl), leads to cells lacking trehalose that exhibit
stress-tolerance slightly reduced from the wild-type strain; this result indicates that trehalose
is beneficial, but may not be necessary for survival under environmental extremes [17].
Mutation of the gene responsible for trehalose catabolism, neutral trehalase (nthl), results in
cells with consistently high levels of intracellular trehalose following heat shock [18]. These
cells exhibit lower thermo-tolerance despite high trehalose concentration, thus suggesting that
these concentrations can be detrimental to cell survival through interference with other stress-
tolerance mechanisms.

These studies have been useful in addressing the general role of trehalose in stress protection.
However, the specific mechanism through which trehalose accomplishes its preliminary
protection remains unknown. Some groups have assumed that trehalose is involved in
stabilization of cell membranes during temperature-stress [19]. This assumption would be in
line with water-replacement [20] or vitrification hypotheses [21]. In the “water replacement
hypothesis’, under conditions of extreme dehydration, water molecules naturally found bound
between polar head groups of membrane phospholipids are replaced by contact with solutes
such as the disaccharide trehalose. By interacting with phospholipids, trehalose is believed to
maintain spacing between the head groups and decreases van der Waals interactions between
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hydrocarbon chains—thus preventing collapse of the membrane to the gel state which can lead
to cell damage. The vitrification hypothesis suggests that carbohydrate molecules act in a more
indirect manner by forming a high viscosity, glassy state surrounding biological molecules
which prevents molecular mobility and thus limits water loss, the ability of the solution to
crystallize, and the propensity of biological molecules to precipitate or aggregate. Meanwhile,
other groups suggest trehalose stabilizes proteins by raising the free energy of the denatured
state relative to the native state [13]. This suggestion would correspond to the preferential
exclusion model of protein stabilization [22].

Although a number of experimental and theoretical studies have addressed the effect of
trehalose and glycerol on water structure and dynamics in solution, few studies have attempted
to examine the effect of these compounds on water within cells. A search of literature published
to date reveals only three articles that investigate the influence of trehalose or glycerol on
intracellular water structure and dynamics; these articles employ 'H NMR to determine the
effect of trehalose concentration on intracellular water dynamics [23-25]. However, NMR is
not the only spectroscopic technique that can be used for such investigations. While NMR can
be used to study water dynamics, infrared spectroscopy can be used to study water structure
in samples.

Infrared spectroscopy has been used previously in the study of whole cell systems mainly to
identify cell strains or particular cellular components [26-30]. Infrared spectroscopy is a
technique well suited for the study of water structure since changes in the OH stretch region
of the spectra are indicative of changes in the local environment surrounding OH vibrational
oscillators, so it is surprising that it has not yet been used to study intracellular water structure.
However, the lack of IR intracellular water studies is most likely due to difficulties in preparing
suitable samples. Two difficulties are involved in sample preparation. First, in order to examine
intracellular water structure, the majority of extracellular water must be removed from the
sample to prevent interference from this water component. However, in removing extracellular
water from a sample, an osmotic imbalance is created and cells may become dehydrated.
Second, the intracellular water must yield an infrared absorbance signal in the OH stretch region
that is on-scale in order for proper interpretation of spectral changes. Unfortunately, water is
a very good absorber of infrared energy so samples prepared for IR must be exceedingly thin
—thinner than width of most cells.

In order to circumvent the difficulties associated with IR described above, we have developed
an experimental procedure that addresses these limitations. In this work, Fourier-transform
infrared spectroscopy is used to investigate the interaction of trehalose and glycerol with water
in vitro and in vivo. The yeast Saccharomyces cerevisiae was selected as a model system due
to its cellular properties. The presence of a rigid cell wall protects the cell from damage that
may result from the removal of extracellular water, while allowing for efficient removal of
extracellular water by filtration over a membrane. This process is gentler than other methods
used to remove extracellular water, such as lyophilization. Also, cultures of this organism can
easily be grown in liquid media containing a large amount of D,0. The presence of D,O reduces
the IR absorption of the OH stretch to a level that is on-scale, thus facilitating analysis of results.
Finally, yeast can be genetically manipulated to express varying levels of trehalose, thus
making examination of small molecule effects on intracellular water structure possible. The
results of the whole-cell IR experiments have been compared with temperature-dependent
shifts in the OH stretch region of the IR spectra of trehalose and glycerol over a range of
concentrations in solution; these data have been used to determine the effect these molecules
have on the H-bonding network of water.
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2. Experimental

2.1 Yeast strains and media

All yeast strains were derived from the S. cerevisiae W303-1A strain Y699 (MATa ade2-1
trp1-1 can1-100 leu2,3-112 his3-11,15 ura3-1). Gene knockouts of NTH1 and TPS1 were
performed using drug-resistant gene disruption cassettes, as previously described [31,32].
Briefly, primers were used to amplify a disruption construct consisting of the resistance gene
flanked with homologous genomic sequence. For the nth14 strain (YHN432), primers LC9
(ATAAACAAAAAAAGAAAAATTAACAAAAAAAATCAGTAGAGCATAGGCCACT
AGTGGATCTG) and LC10
(TACCTGGAGTATATATATATATATATATATATTATCTCAACAGCTGAAGCTTCG
TACGC) were used, and primers LC1
(AACTAGGTACTCACATACAGACTTATTAAGACATAGAACTGCATAGGCCACTA
GTGGATCTG) and LC2
(GGACCAGGAATAGACGATCGTCTCATTTGCATCGGGTTCACAGCTGAAGCTTCG
TACGC) were used for the tps14 strain (YHN429), to amplify the hphMX4 cassette from the
plasmid pAG32 [33]. The amplified cassettes were then transformed into the various yeast
strains, and proper integration of the reporter was verified by PCR. Deletion of tpsl and nthl
genes produces yeast cells that are incapable of synthesizing and breaking down trehalose
withinthe cell. As aresult, YHN429 (tps14) fails to accumulate trehalose during normal growth
or heat shock. Alternatively, YHN432 (nth14) accumulates and retains trehalose in high
concentration during normal growth and heat shock.

Because tps14 strains can not grow with glucose as a carbon source [34-36], all strains were
grown in synthetic complete media (Sc) with 80% D,0 and 2% galactose as a carbon source.
Amino acids were supplemented as necessary [37]. Aminoglycosides were included at
concentrations of 200 ug/ml Hygromycin B (Roche). For all experiments, cells were grown at
30°C to mid-logarithmic phase (ODgqg of 0.3 to 0.5). For heat-shocked samples, cells were
transferred to a heated water bath at 37°C for 90 minutes.

2.2. Cell hydration

Yeast cells were harvested by pelleting. The cells were then resuspended and washed twice in
1 mL D50 to remove traces of media from the cells. The cells were then suspended in 400 ul
D,0 and filtered for two minutes by centrifugation over a Montage-PCR filter (Millipore,
Bedford, MA). Another 400 ul of D,O was added to the cells and the sample was centrifuged
for an additional 10 minutes to remove residual extracellular water. Filters containing the cell
pellets were placed in a vacuum desiccator containing calcium sulfate for 48 hours in order to
allow for the loss of intracellular water. The weight of the pellet before and after desiccation
was used to determine approximate mass percentage of water within the cells.

2.3. Trehalose and glycerol assays

Trehalose and glycerol were isolated from yeast cells according to the following procedure.
Yeast cells were harvested by pelleting and residual extracellular water was removed by
centrifuging samples over a Montage PCR filter (Millipore, Bedford, MA). Cells were washed
twice in water and the cell pellets were resuspended in a volume of lysis buffer—containing
50 mM HEPES, pH 7.5, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.1% sodium
deoxycholate, and 0.1% SDS—equal to twice the measured weight. For example, if the weight
of the pellet totaled 20 mg, then 40 ul of water was added. The cells were placed in a boiling
water bath for 5 minutes. Glass beads, 425-600 microns (Sigma, St. Louis, MO) were then
added to the cells and the solution was vortexed for 5 minutes at high setting. The cells were
spun down and the supernatant was removed for use in enzymatic analyses.
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Glycerol concentration was assayed utilizing Free Glycerol Reagent kit (Sigma, St. Louis,
MO). All samples were assayed according to directions outlined in the accompanying technical
bulletin. Briefly, 2.5 pl of water, glycerol standard (0.26 mg/ml), or sample was added to a
cuvette containing 200 pl of reconstituted, room-temperature free glycerol reagent. The blank,
standard, and samples were incubated for 15 minutes at room temperature to allow the
conversion of glycerol to a visible dye through a series of coupled enzyme reactions involving
glycerol kinase, glycerol phosphate oxidase, and peroxidase present within the free glycerol
reagent. Absorbance of the final product, a quinoneimine dye, was measured at 540 nm on a
visible spectrometer (Amersham Biosciences) and was directly proportional to the
concentration of glycerol in the sample [38,39].

Trehalose concentration was assayed in a two-part procedure. First, trehalose was
enzymatically converted to glucose through reaction with trehalase (Sigma, St. Louis, MO)
according to the testing procedure provided in the product information [40]. For each standard
or sample to be tested, assay reagent was mixed by adding 20 ul of trehalase enzyme solution
(0.1 to 0.3 units/ml) to 60 ul of 135 mM citric acid buffer, pH 5.7. Following equilibration of
the assay reagent to 37°C in a heated water bath, 20 ul of water, 140 mM trehalose standard
in citric acid buffer, or sample was added separately to the assay reagent. The solutions were
equilibrated and incubated in a 37°C water bath for eight hours, following which time 100 ul
of 500 mM Tris buffer, pH 7.5 was added to each reaction.

The second part of the trehalose concentration assay involved determining glucose
concentration using the Glucose (HK) Assay Kit (Sigma, St. Louis, MO) [41-43]. For each
sample in the trehalase reaction described above, 6.7 ul of sample was added to 200 ul of
glucose assay reagent. In order to determine the amount of glucose arising from trehalose, the
naturally occurring glucose present in the cell was also be determined. For these samples, 6.7
ul of sample from cells was reacted with 200 ul glucose assay reagent. Sample blank were also
required; 6.7 ul of sample was mixed with 200 ul water. The blank, standard, and samples were
incubated for 15 minutes at room temperature to allow the conversion of glucose to 6-
phosphogluconate through coupled enzyme reactions involving hexokinase and glucose-6-
phosphate dehydrogenase present within the reagent. Absorbance of NADH, a by-product
produced from these reactions, was measured at 340 nm on a visible spectrometer (Amersham
Biosciences) and was directly proportional to the concentration of glucose in the sample.

2.4. Infrared sample preparation

Yeast samples were prepared for analysis as follows. A 50 mL culture of exponential phase
yeast cells or exponential phase heat-shocked yeast cells grown in media containing
approximately 80% D,O was centrifuged for 5 minutes on a table top centrifuge to remove
excess media. The cells were then resuspended and washed twice in 1 mL D,0 to remove
traces of media from the cells. The cells were then suspended in 400 ul D,O, and filtered for
two minutes by centrifugation over a Montage-PCR filter (Millipore, Bedford, MA). Another
400 ul of DO was added to the cells and the sample was centrifuged for an additional 10
minutes to remove extracellular water. The yeast pellet was scraped from the filter and placed
between two CaF, windows. Pressure was applied manually to the windows to spread the cells
into a thin layer across the entire window and to remove any air bubbles or remaining moisture
from the sample.

Trehalose, glycerol and water controls were also prepared for infrared analysis. The deuterated
water control was prepared to 80:20 D,0O/H,0 (v/v) using distilled, deionized water and 99
atom % D deuterium oxide (Sigma, St. Louis, MO). Glycerol mixtures were prepared by
dilution of an initial 80:20 glycerol-D3/glycerol (w/w) solution with the appropriate amount
of 80:20 D,O/H,0 (v/v) to yield glycerol concentrations of 2 M, 1 M, 500 mM, 250 mM, and
125 mM. Glycerol-D3 and glycerol were provided by Cambridge Isotope Labs (Cambridge,
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MA) and Sigma (St. Louis, MO), respectively. Trehalose controls were made as follows. Solid
a,a-trehalose (Sigma, St. Louis, MO) was lyophilized following dissolution in an excess
volume of 80:20 D,O/H,0 (v/v). The resulting solid was then resuspended in 80:20 D,0O/
H»0 (v/v) to 1 M concentration and dilutions in 80:20 DoO/H,0 (v/v) were prepared to yield
final concentrations of 500 mM, 250 mM, 125 mM and 62.5 mM. Approximately 7 ul of each
sample was placed between two CaF, windows for measurement.

2.5. Infrared spectra and analysis

3. Results

Infrared spectra were obtained with a Bruker IFS 66 Fourier transform IR spectrophotometer
(Bruker, Brookline, MA). The sample compartment was purged with nitrogen to reduce the
contribution from carbon dioxide and water vapor. The signal was monitored using an HgCdTe
(MCT) detector. The sample temperature was lowered at a rate of 3°C/min from 30°C to -14°
C by a Neslab RTE 740 water bath (Thermo Electron Corp., Waltham, MA) and was monitored
using a Fisherbrand Traceable Total-Range digital thermometer (Fisher Scientific International
Inc., Hampton, NH). All spectra were taken in transmission mode with an aperture of 2.0 mm
and a spectral resolution of 2 cm™1. Spectra were processed with atmospheric correction,
Savitsky-Golay smoothing, baseline correction and conversion to absorbance in OPUS v.5.0
(Bruker) prior to area analysis. Spectra were normalized in the 3000 to 4000 cm-! range to
facilitate comparison of OH stretch data or in the 1150 to 1350 cm™! range for DOD bend data.

OPUS v.5.0 (Bruker) was used to integrate the area under the OH stretch bounded by 3100
cm 1 and 3700 cm1 with a linear baseline between these points. Following a procedure similar
to that of Smith, et.al., the region was divided into two area contributions of low (A) and high
(A,) energy using 3450 cm™ as the line of separation [44]. These areas were used to determine
the change in free energy, AG°, associated with the transition from high to low energy
populations according to the formula: AG® = -RT(In(A1/A5)) [45]. The change in free energy
of this transition as a function of temperature was plotted in Excel (Microsoft).

3.1. IR spectra of water and trehalose

The OH group is a strong absorber of infrared light. In Figure 1, the spectrum of 1 M trehalose
in 95% D,0 and 5% H-O0 is shown. The off-scale peak represents the O-D absorption. The
band at 2950 cm! includes contributions from CH and CHj, stretching modes arising from the
sugar. Peaks below 1500 cm™! include contributions from HOH, HOD and DOD bending
modes as well as contributions from the sugar [46]. The absorption band between 3200 and
3600 cm™L is what concerns us. This is the OH stretching band. As can be seen in the figure,
as temperature increases, this band goes to higher frequency.

3.2. Analysis of the OH absorption as a function of temperature

The OH stretching band of solutions of trehalose and glycerol were analyzed as described in

Methods and values of AGy were plotted as a function of temperature (Figure 2). Across all
concentrations and temperatures studied, the free energy of transition was favorable—as

indicated by the negative AGh_.i values. As temperature was lowered, the AGi_1 values became

more negative; each condition had a decrease in AGy_,; of nearly 200 cal mol-! over the
temperature range studied (303 K to about 263 K). This result indicates that as temperature is
lowered, the environment surrounding OH oscillators favors lower-energy interactions. In the
case of H-bonds formed by the OH oscillator and atoms in the local environment, the shift to
lower-energy interactions would suggest a slight strengthening of the H-bond through a
decrease in H-bond distance, linearization of H-bond angle, or some combination of the two.
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Concentration of solute had a similar effect on AGh.1. For both trehalose and glycerol, increase
in concentration lowered the free energy of transition at any given temperature. In the

concentration range studied, the decrease in AGy_, was as large as 50 cal mol for the highest
concentrations. The effect on the free energy of transition appears to be related to the hydroxyl
content of the two solutes. A 2 M concentration of glycerol was needed to approach the effect
obtained by 1M trehalose; glycerol, with its three hydroxyl groups, must be about twice as
concentrated as trehalose, which contains eight hydroxyl groups.

Trehalose and glycerol can also be found naturally in certain organisms. In yeast, these solutes
are involved in various stress response pathways involving protection from thermal and
osmotic extremes [1,4,12-14,33,47]. In order to examine the effects of trehalose and glycerol
on water structure inside the cell, trehalose-deficient (YHN429, tps14) and trehalose-rich
(YHN432, nth14) yeast strains were used. Enzymatic assays of trehalose and glycerol
concentration revealed that while the levels of glycerol remain fairly constant at 25 to 35 mM
under constitutive and heat-shock conditions in both strains, trehalose levels vary more widely.
Trehalose-deficient yeast (YHN429, tps14) does not show appreciable levels of trehalose under
constitutive or heat shock conditions, while trehalose-rich yeast (YHN432, nth14) contain
approximately 45 mM trehalose and 135 mM trehalose under constitutive and heat-shock
conditions, respectively. Therefore, trehalose appears to be the solute accumulated under these
experimental conditions.

The infrared OH stretch mode in yeast was analyzed to determine the effect of trehalose on
intracellular water structure (Figure 3). As in the trehalose controls, a decrease in temperature
caused a decrease in the free energy of transition with a magnitude approximately 200 cal

mol-1 over the temperature range studied. Additionally, the value of AGy_,; of the yeast strains
is more negative than that of the water control at all temperatures. However, there is no visible
difference between yeast strains that can be ascribed to trehalose concentration—despite the
presence of what should be a detectable concentration of trehalose in the heat-shocked,
trehalose-rich nth14 strain. A primary problem with analysis of the yeast strains is that the
error associated with the replicates of each strain is 5 to 10 times larger than that of the in
vitro trehalose controls. The higher error may obscure subtle differences between the strains
due to trehalose content since the magnitude of the error is larger than the overall expected

change in the value of AGi_.: that is due to trehalose concentration.

3.3 Effect of deuteration on OH stretch

The larger variation between batches of yeast may be unavoidable, as differences in deuteration
level and cell contents between batches are likely the cause. To illustrate this, Figure 4 shows

that the level of deuteration present in a sample impacts AGy,;. As explained earlier, high

concentrations of D relative to H are used to isolate OH oscillators and reduce resonance energy
transfer between other OH groups. This method allows for the use of the OH stretch mode as
an indicator of changes in the local environment surrounding an OH oscillator. In our analysis

method, a higher D content leads to more negative, or favorable, AGy_ inthe entire temperature
range studied. However, the differences between samples with varying D content become even

more pronounced as temperature is lowered; there is a greater difference in AGy_,; between
samples at lower temperature than at higher temperature. This result may be caused by the
inherent nature of the infrared OH stretch mode. The integrated intensity of the OH stretch
increases as H-bonds or interactions are enhanced due to temperature, molecular arrangement,
or other factors [48,49]. Since lower-energy bonds increase as temperature decreases, this
difference in intensity would be more pronounced at these temperatures. The larger differences
at lower temperature may explain the variation between yeast batches. The error between yeast
samples at higher temperature is less than that at lower temperature.
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The level of deuteration present in a sample can be monitored by the relative ratio of
DOD:HOD:HOH bending modes since these modes represent contributions from water
vibrations alone. As can be seen in Figure 5 for the water controls, as H content is increased
and D content decreased, the intensity of the HOD and HOH modes relative to the normalized
DOD mode increase. The relative intensity of the HOD and HOH to DOD modes for replicates
of a single yeast strain and condition (YHN432, nth14, constitutive/non heat-shocked
conditions) show that the D content of the yeast cells is much higher than the media in which
the cells were grown. The D content exceeds 90%. Additionally, there is variation among the
replicates. However, deuteration level alone is not completely sufficient to explain the degree
of variation between yeast replications. Cellular components may also influence the free energy
transition. As is shown in Figure 4, numerous yeast modes overlap the HOD and HOH modes
of the spectra. While changes in deuteration may influence the intensity of these modes, the
intensity may also be influenced by changes in the identity or level of cellular components
between batches as well.

4. Discussion

4.1 Trehalose and glycerol affect the water network in a concentration-dependent manner

Trehalose and glycerol in solution influence the infrared OH stretch mode of water in a
concentration-dependent manner. An increase in concentration of these solutes leads to a

decrease in AGﬁal, which indicates that lower-energy H-bonds or interactions with OH
oscillators become relatively more favorable than their higher-energy counterparts.
Conceptually, this result can be explained in two ways. Under the first interpretation, the solute
can interact with water in a manner which increases the strength of interactions between water
molecules in the neighboring hydration shell. Hydrogen bonds between water molecules in the
surrounding hydration layer are strengthened—suggesting that the bonds experience a decrease
in H-bond length, linearization of H-bond angle, or some combination of changes on geometric
orientation. In the alternative explanation, water-water H-bonds in the hydration layer
surrounding the solute molecule are not strengthened. Rather, the solute interacts directly with
surrounding water molecules. This scenario means that while hydration waters may experience
a greater degree of distortion between water-water interactions, the interaction between solute
atoms and water would be strengthened. For the case of H-bonds between solute hydroxyl
groups and water, strengthening of the H-bond could be ascribed to decrease in bond length,
linearization of bond angle, or a combination of these effects.

The second explanation is supported by a number of experimental and theoretical studies for
trehalose and glycerol. Trehalose, and its interaction with water, has been studied extensively
using inelastic neutron scattering and optical spectroscopy techniques [5,6,9]. These studies
indicate that trehalose has a great destructuring effect on the H-bond network of surrounding
water molecules that is due in part to its unusually large hydration volume that forms as a result
of water H-bonding to trehalose hydroxyl groups. Increasing the concentration of trehalose
exacerbates these effects as the relative percentage of bound water molecules to free water
molecules increases, where ‘bound’ and “free’ refer to water molecules influenced by solute
interactions and those independent of solute interaction, respectively.

Additionally, molecular dynamics simulations support the perturbation of water structure by
trehalose [10]. The stereochemical topology and solution conformation of trehalose allow this
solute to interact with surrounding water molecules. Bidentate H-bonds involving water and
trehalose hydroxyl groups were found extensively; water molecules were found bridging
adjacent hydroxyl groups and bridging hydroxyl groups on separate glucose-monomers of the
trehalose molecule. The structuring of water by trehalose affected not only the immediate
hydration shell, but extended into solution up to three hydration layers out.
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Similar perturbation of water can be seen in glycerol solutions [7]. Molecular dynamics
simulations and infrared spectroscopy of glycerol solutions across a large range of
concentrations showed that lower-energy interactions between glycerol and water become
more favorable with increasing glycerol concentration. The infrared OH stretch mode shifts to
lower wavenumber with increasing glycerol concentration. Simulations of solution showed
that the majority of this shift arose from the interactions between glycerol hydroxyl groups and
water, rather than the interaction between water molecules. These results suggest that H-bonds
formed between glycerol and water increase slightly in strength, possibly through changes in
orientation of the atoms involved in the H-bond.

4.2. The intracellular water network appears unaffected by trehalose concentration

Although the concentration of trehalose, a known cryoprotectant, varies within yeast cells, the
behavior of the OH stretch within the cell remains unaffected. There are a number of
explanations for this result. The first explanation is that the concentration of trehalose in the
trehalose-rich yeast strains is high enough to observe an effect relative to the trehalose-deficient
strains, but the batch-to-batch variability obscures the results. Alternatively, trehalose may
have an effect on the intracellular water network, but the concentration of trehalose present in
these cells may not be high enough to induce an effect. Since the trehalose concentrations in
the trehalose-rich (YHN432, nth14) strains are artificially high relative to normal yeast cells,
this result suggests that trehalose concentration in normal, living yeast cells does not become
high enough to influence the structure of the water network. Finally, trehalose, under
physiological intracellular concentrations, may not influence the water network in the cell; the
role of trehalose may not be in altering water structure, rather in interacting with and stabilizing
biomolecules.

Itis already apparent from Figures 1 and 2 that the batch-to-batch variability is larger than the

shift in AGi_1 that would be expected for the amount of trehalose within the cells. Trehalose
reaches approximately 150 mM (4% of dry cell weight) in the strain with the highest content.
This difference is visible in the in vitro controls as the controls exhibit a smaller degree of
error. However, the magnitude of the difference is most likely not enough to overcome the
degree of error associated with the in vivo sample measurements. Although efforts were
undertaken to ensure deuteration and culture-to-culture differences were minimized, the error
associated with biological samples was nearly 10 times larger than that associated with non-
biological controls.

However, it is also possible that the trehalose content may not be high enough to visibly alter
intracellular water structure under the current method. Previous studies by Sano, et al used
thermogravimetry and 1H NMR to study water dynamics in commercial compressed bakers’
yeast containing different amounts of trehalose and levels of rehydration [24]. Intracellular
water can be divided into water molecules strongly associated with biological molecules (15%
of intracellular water) and those that are relatively free, or outside of the immediate biological
molecule hydration layer (85% of cellular water) [24]. In their study, trehalose content was
found to replace bound water molecules when in concentrations greater than 2-3% of the dry
cell weight. Additionally, in cases of extreme dehydration, the presence of a large concentration
of trehalose allowed more bound water to be retained [23]. However, in our study, the yeast
cells were purposefully not as dehydrated as those in the Sano study in order to investigate
trehalose-induced water structure under normal hydration conditions. Therefore, the effect of
trehalose on bound water will not be observed since the contribution of free water to the OH
stretch will likely be much smaller than the contribution of bound water by a ratio of over 6:1.
However, Sano, et al observed in more hydrated samples that at concentrations above 3-4%
of the dry cell weight, trehalose was shown to slow the relaxation of intracellular water [24].
Longer water relaxation times are indicative of restriction of water movement, presumably
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through increased strength of H-bonding between trehalose and water molecules. Since the
highest trehalose content of cells in our study was approximately 4%, the resulting effect of
trehalose on changes in water structure should be within the concentration range that effects
start to be seen. Therefore, it remains likely that in trehalose-rich cells a change in water,
although minimal, exists but is obscured by high variation in measurements presented by the
technique employed.

4.3. The water network in yeast differs from bulk water

Although the effect of trehalose on intracellular water structure remains questionable, visible
difference between intracellular water and bulk water are evident. These differences appear

irrespective of trehalose or glycerol concentration. As shown in Figure 2, the AGy_,; values for
all yeast strains are lower than that of the bulk control. This result suggests that intracellular

water network interactions are slightly more favorable than the interactions found in bulk water.
To interpret these results further, one can look to model system and whole-cell NMR studies.

Reverse micelles, or microemulsions consisting of water pools surrounded by amphiphilic
membranes in nonpolar solvent, are often used as a model system for the study of water and
molecules in confined conditions that mimic the environment of the cell. Water structure in

reverse micelles differs from that of bulk water as exhibit by a shift in AGy_, [45]. As the
amount of water in these structures is decreased, the effect of the surrounding membrane on

water structure is more evident; that is, the AGy._,i pecomes more positive, or unfavorable,
relative to bulk water conditions. This result is in contrast to what is observed for the water
network in yeast cells. The difference in the direction of the shift is likely attributed to the
simplified nature of the reverse micelle model system compared to intracellular conditions.
Water in reverse micelle systems is influenced mainly by the charged head groups and counter
ions of the amphiphilic membrane. As has been shown previously, charged groups induce
drastic changes on surrounding water structure [50]. lons distort surrounding water structure,
causing higher-energy water-water interactions to increase at expense of lower-energy

interactions—hence why the reverse micelle data show a more positive AGy._,; relative to bulk
water.

However, inside of the cell, water molecules are likely to encounter a number of different types
of molecules and interactions due to the diversity of cell contents. While charged groups are
undoubtedly present, hydrophobic and polar interactions can also be found. Polar interactions,
specifically, are likely to contribute to changes in water structure as they may be able to form
H-bonds directly with surrounding water molecules. As is the case with trehalose in vitro, the
polar groups of biological molecules are likely able to H-bond with water molecules and thus
induce stronger biomolecule-water interactions. These strengthened interactions would

translate to the negative shift of AGy_,; seen for yeast relative to bulk water.

NMR studies using water proton spin-lattice relaxation times in whole-cells support this idea
[23,51,52]. As shown by Raaphorst et al, the direct effect of ions on influencing surrounding
intracellular water is small, rather ions influence water molecules indirectly by altering
biomolecule hydration [52]. Since ions alone show little effect on intracellular water in the
absence of biomolecules, the differences between the reverse micelle model system and yeast
are not as alarming. Additionally, self-diffusion constants and NMR relaxation times have
shown for hen egg white and yolk, that much of the decrease in intracellular water mobility is
due to hydration of biomolecules [51]. The involvement of biomolecule hydration in the
reduction in intracellular water relaxation times likely stems from macromolecular crowding
which mechanically hinders water diffusion or from direct physical interaction of biomolecules
with water, as would be expected if biomolecules formed H-bonds with surrounding hydration

waters. The decrease in AGh1 in yeast relative to bulk water supports the latter explanation.
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5. Conclusion

In this study IR spectroscopy was used to examine water in yeast cells. Cellular water exhibits
a larger preference for lower-energy H-bonds or interactions over higher-energy interactions
relative to that shown in bulk water. This effect is likely the result of the high concentration of
biological molecules present in the cell. The ability of water to interact directly with polar
groups on biological molecules may cause the preference seen for lower-energy interactions.
Concentration-dependent changes in water structure induced by trehalose and glycerol are
detectable through IR spectroscopy. As concentration of these molecules in solution is
increased, water structure is perturbed—resulting in an increase of lower-energy H-bonds or
interactions at the expense of higher-energy interactions. This result suggests that these
molecules disrupt the water H-bond network in such a way as to strengthen molecule-water
interactions while perturbing water-water interactions. However, the molecule-induced
changes in the water H-bond network seen in solution do not translate to differences within
the error of measurement in yeast cells that are trehalose-deficient and trehalose-rich.
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Figure 1.
Infrared absorption spectrum of 1 M trehalose in 95 % D,0 and 5 % H,O. The temperature is

indicated on the Figure.
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Figure 2.

Free energy analysis of the transition from high-energy to low-energy H-bonding for trehalose
(left) and glycerol (right) at various concentrations. For trehalose, concentrations of 1 M, 500
mM, 250 mM, and 125 mM are shown. For glycerol, concentrations of 2 M, 1 M, 500 mM,
and 250 mM are shown. In both graphs, water is represented by the black uppermost line.
Arrows indicate direction of increasing concentration. All solutions are approximately 80%
deuterated at exchangeable hydrogen sites. Measurements were performed in duplicate for
each condition. Error bars represent one standard deviation.
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Figure 3.

Normalized OH stretch spectra (left) at 303 K for water, constitutive YHN429 and YHN432,
and heat-shocked YHN429 and YHN432. Note that the yeast plots cannot be differentiated
and are labeled collectively as “yeast” on the graphs. Free energy analysis of the transition
from high-energy to low-energy H-bonding as a function of temperature for the same
conditions is shown on the right. Water controls were approximately 80% deuterated at
exchangeable hydrogen sites while yeast samples had higher deuterium content (greater than
90%). Measurements were performed in duplicate for water and triplicate for the constitutive
Y429 and Y432 strains. Error bars represent one standard deviation.
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Figure 4.

Normalized OH stretch spectra (left) at 303 K (heavy lines) and 273 K (thin lines) for 90%
D,0/10% H,0 (v/v) (black), 80% D,0/20% H,0 (v/v) (gray), 70% D,0/30% H,0 (v/v) (light
gray). Free energy analysis of the transition from high-energy to low-energy H-bonding as a
function of temperature for the same conditions is shown on the right. Measurements were
performed in duplicate for all conditions. Error bars represent one standard deviation.
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Normalized DOD bend spectra at 303 K for 90% D,0/10% H,0 (v/v) (heavy black), 80%
D,0/20% H,0 (v/v) (heavy gray), 70% D,0/30% H,O (v/v) (heavy light gray) and constitutive
YHN432 yeast replicates (dashed black lines). The spectra are extended to include the HOD

and HOH bend regions for estimation of deuterium content in s
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